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CHEMOTHERAPY of cancer began about
15 years ago as a result of studies to deter-
mine the biologic action of the mustard
compounds.*® These studies revealed that
the B-chloroethyl amines and sulfides have
a cytotoxic effect on cells unlike that of
other chemical agents and closely resem-
bling that of x-rays. Since cellular suscep-
tibility appeared to be related to the degree
of proliferative activity these agents were
administered to mice with transplanted
lymphosarcoma and it was noted that the
tumors rapidly disappeared. However, the
dose required approached the toxic level
and the tumors invariably recurred. Subse-
quent clinical trial in about 150 cases con-
sisting of Hodgkin’s disease, lymphoma,
and leukemia resulted in remissions in a
majority of patients with Hodgkin’s disease
but relatively little effect was observed in
those with leukemia and lymphosarcoma.
It was the concensus then that “the ther-
apeutic efficacy of the nitrogen mustards is
no greater than that of x-rays.” s

The limiting factor in the use of these
agents is the toxic effect on normal tissues,
particularly the hemopoietic system and the
gastro-intestinal tract.®? Thus, administration
of doses minimally effective against malig-
nant tumors is followed by temporary de-

* Presented before the American Surgical Asso-
ciation, New York, N. Y., April 16-18, 1958.

This investigation was supported in part by the
Anna Fuller Fund; the American Cancer Society
Institutional Grant; The National Cancer Institute,
U. S. Public Health Service. Grant #CY-3782-CY.

616

pression of hemopoiesis and transient gas-
tro-intestinal  disturbances, while larger
doses are hazardous to life because of
severe involvement of these two systems.

In an attempt to avoid the systemic toxic
effects and at the same time increase the
dose of nitrogen mustard, Klopp and asso-
ciates 1* developed technics for the intra-
arterial administration of this compound. A
cannula was placed into the major artery
supplying a tumor-bearing site and nitro-
gen mustard administered in single, or frac-
tionated doses. In some instances venous
occlusion was produced temporarily to
confine the agent to the involved part for
the duration of its action. It was observed
that the hematologic consequences were
the same following intravenous (systemic)
and intra-arterial administration, but when
venous occlusion was combined with frac-
tionated intra-arterial administration the
hematologic changes were less pronounced.:
More recently Klopp ° has reported the in-
tra-arterial use of nitrogen mustard as an
adjunct to radiation therapy.

In spite of increased effectiveness of the
mustards when administered directly into
an artery supplying a tumor, the limiting
factor of systemic toxicity still precludes the
use of these agents in amounts large
enough to completely irradicate malignant
neoplasms. Thus, in spite of the proven
cytotoxic action of the alkylating agents no
method has been available for exposing
malignant tumors to maximally effective
concentrations of these drugs without, at
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the same time, risking irreparable damage
to the hemopoietic and gastro-intestinal
systems.

Recently, as a result of experiences with
a heart-lung apparatus in the treatment of
intra-cardiac defects, it occurred to us that
this extracorporeal circuit might provide a
means of temporarily isolating and main-
taining a tumor-bearing area while it was
being perfused with maximal amounts of
an alkylating agent. If vascular and lym-
phatic exclusion were complete systemic
toxic effects should be eliminated while the
specific activity of the agents would be
brought to bear only upon the tumor and
its immediate environment. Since these
agents have a radiomimetic effect and since
ionizing radiation is potentiated by high
oxygen tension in the tissues®7 it was
postulated that incorporation of a bubble
oxygenator into the circuit, thus producing
arterial oxygen tensions of 500 to 600
mm./Hg, might increase the effectiveness
of the mustard compounds. This report is
concerned with the preliminary experimen-
tal development and subsequent clinical
application of the technics of selective per-
fusion.

Experimental Studies

Experiments were designed to investigate
the following: 1) the extent to which cer-
tain vascular beds could be isolated from
the systemic circulation, 2) the effects of
perfusion of oxygenated blood alone and
with chemotherapeutic agents added on
these isolated areas, 3) the maximum
amount of these agents that can be used
safely in perfusion, and 4) the duration of
action of nitrogen mustard and phenylal-
anine mustard (PAM).* The details of
these experiments have been reported in
part elsewhere.> 13 Essentially, it was dem-
onstrated that the limbs, mid-gut, and liver

# Nitrogen mustard supplied through the cour-
tesy of Merck, Sharp & Dohme, Philadelphia, Pa.
PAM supplied through the courtesy of Dr. A.
Clark Griffin, Anderson Hospital, Houston, Texas.
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of the dog can be excluded from the sys-
temic circulation and perfused at moderate
flow rates for about 30 minutes without
producing any undesirable effect either
in the perfused area or systemically. At
maximal flow rates or when perfusion was
continued longer than 30 minutes edema
of the perfused tissue occurred. Careful
control of perfusing pressure appeared to
be particularly important in experiments on
the mid-gut and liver.

To compare the maximum tolerable dose
of the mustards administered intra-arterially
and by perfusion, varying amounts of these
agents were injected directly into the fem-
oral artery. It was observed that 0.5 to 0.6
mg./Kg. of HN, produced arterial throm-
bosis with necrosis of the limb. These ani-
mals did not survive long enough to dem-
onstrate hematologic changes. On the other
hand, utilizing perfusion technics 0.8 to 1.0
mg./Kg. was well tolerated. Phenylalanine
mustard could be safely administered di-
rectly into the femoral artery in a dose of
1.0 mg./Kg. while by perfusion 2.0 mg./
Kg., the recommended dose for oral ad-
ministration, produced no ill effects. Thus,
HN, can be administered by perfusion to
the isolated hind limb of a dog in a dose
twice that which can be safely adminis-
tered systemically, while the usual systemic
dose of PAM is well tolerated in the iso-
lated limb. Since this extremity of the dog
constitutes 15, of the total body weight
the concentration of HN, and PAM sup-
plied by perfusion to the isolated limb is
far in excess of the concentration achieved
by intravenous or direct intra-arterial ad-
ministration of the recommended doses.

The maximum safe doses of HN, and
PAM when administered by perfusion into
the mid-gut and liver have not been deter-
mined although the amounts generally em-
ployed for systemic administration, namely,
0.4 mg./Kg. and 2.0 mg./Kg. respectively,
are well tolerated by these isolated viscera.

To determine the completeness of isola-
tion of the various areas, blue dye (T-1824)
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TaBLE 1. Types of Malignant Neoplasms Trealed with
NH, and PAM Administered by Perfusion

Malignant melanoma 6
Sarcoma 9

Rhabdomyosarcoma
Osteogenic
Chondrosarcoma
Synovioma

Alveolar cell
Liposarcoma
Fibrosarcoma

P e e DN DO

Carcinoma 9

Adenocarcinoma 6
Epidermoid 2
Undifferentiated

—

Total 24

was injected into the perfusing system and
samples were drawn periodically from a
systemic vein. It was demonstrated that the
technics developed for perfusion of the
limbs, mid-gut and liver effectively sep-
arate the systemic from the perfused sys-
tem.

The duration of action of the mustard
compounds was determined by bioassay
studies. The hind limb of the dog was iso-
lated and perfused with 0.8 mg./Kg. of
nitrogen mustard administered in three
equal amounts six minutes apart. Samples
of blood were removed from the venous
side of the perfusion system three minutes
following the first dose, three and five
minutes following the second, and four
and six minutes after the third dose. Blood
samples were injected into the peritoneal
cavity of mice in amounts of 0.5, 1.0 and
2.0 ml. and the LD,, determined. Similar
experiments were performed using phenyl-
alanine mustard, 2.0 mg./Kg. being admin-
istered in two equal doses five minutes
apart. Utilizing the LD,, as an index of
activity of the alkylating agents it was ob-
served that HN, retains its activity for
about eight minutes following mixing with
whole blood while PAM remains active for
about two hours. These experiments dem-
onstrate, therefore, that administration of
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the mustard compounds in divided doses
by perfusion results in high concentrations
of these agents in the perfusate which last
for five minutes following the final dose of
HN, and for at least two hours after the
final dose of PAM.

Clinical Studies

Although it was shown experimentally
that certain areas could be isolated and
safely perfused with oxygenated blood con-
taining high concentrations of the mus-
tard compounds without producing sys-
temic toxic effects, it was necessary to em-
ploy these technics in the treatment of hu-
man tumors to determine their therapeutic
efficacy. Accordingly, 24 patients with a
variety of malignant neoplasms have been
treated by these methods with nitrogen or
phenylalanine mustard (Table 1). There
were six patients with metastatic melanoma
treated by perfusion with phenylalanine
mustard. In each the lesions involved the
lower extremity and represented cutaneous
and nodal metastases following excision of
the primary tumor. Groin dissection had
been performed prior to perfusion in four
patients and was performed simultaneously
with or subsequent to perfusion in the re-
maining two patients. In four instances the
metastatic lesions were so distributed that
hind-quarter amputation might have been
feasible but none of the patients would ac-
cept amputation. In two other cases the
tumor had extended beyond the limb.

There were nine patients with sarcomas
treated by perfusion, HN, being adminis-
tered in seven and PAM in two. The lesions
were resected subsequent to perfusion in
six patients and in three post-perfusion re-
section was recommended but refused.

Nitrogen mustard was administered to
nine patients with carcinomas involving the
following structures: transverse colon,
thumb, uterus, lung, breast, rectum and
scapula. In two perfusion was employed as
an adjunct to excision of a localized pri-
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mary lesion while in the remainder therapy
was undertaken for palliation only.

The technics of perfusion employed in
the clinical casés were essentially those de-
veloped in the experimental animal, al-
though certain modifications were neces-
sary. The extracorporeal circuit consisted
of a bubble oxygenator and a Sigmamotor
pump. For perfusion of the limbs, breast,
pelvis and lungs a disposable oxygenator
was used which had a reservoir capacity of
about 500 ml., and an oxygenating capacity
of about 4000 ml. per minute (Fig. 1).*
Utilizing 100 per cent oxygen the blood was
completely saturated at a PO, of 500 to
600 mm. Hg. In lung perfusion it was nec-
essary to employ a systemic extracorporeal
circuit also, and for this purpose a DeWall,
helix-reservoir type of bubble oxygenator
was used. The mustard compounds were
injected through the plastic tubing prox-
imal to the arterial pump to insure thor-
ough mixing of the agent with the blood
and to minimize dilution.

The artery and vein supplying the tumor-
bearing area were isolated and cannulas of
appropriate size inserted. For the lower
extremity the common femoral artery and
vein were cannulated. In lesions of the arm
and forearm the axillary artery and vein
were utilized and for tumors of the shoulder
perfusion was accomplished by way of the
subclavian vessels. The subclavian artery
and vein were exposed by resection of the
medial half of the clavical or by median
sternotomy. For pelvic tumors the aorta
and inferior vena cava were occluded be-
low their renal branches and cannulated
just above their bifurcation. Pneumatic
tourniquets were applied to both limbs.
Lung perfusion was accomplished through
a left atrium-to-pump oxygenator-to-pulmo-
nary artery circuit while the systemic cir-
culation was maintained with the stand-
ard cardio-pulmonary bypass consisting of

* This oxygenator was designed by Dr. Edward
Hyman and manufactured by Abbott Laboratories.
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Fic. 1. Diagrammatic sketch of small, disposable
oxygenator used in perfusion studies.

venae cavae-to-pump oxygenator-to-fem-
oral artery circuit. Complete isolation of
the extremities was accomplished by apply-
ing an Esmarch tourniquet proximal to the
cannulas. In perfusion of lung tumors, the
use of two circuits and caval occlusion pre-
vented mixing between the systemic and
pulmonic circuits. However, in the case of
pelvic, breast and shoulder perfusions tour-
niquets would have been ineffective and
the negative pressure produced in the ve-
nous circuit by the Sigmamotor pump was
relied upon to minimize systemic mixing.

Upon completion of perfusion with nitro-
gen mustard the tourniquet was released,
the cannulas removed and the arterial and
venous incisions repaired. When phenylal-
anine mustard was employed the perfused
area was drained with the venous pump in
order to remove the still-active agent.

In one case sodium, potassium, chloride,
pH, arterial and venous oxygen saturation
and urea nitrogen were measured in blood
samples taken from the systemic and iso-
lated circuits before, during and after per-
fusion.

Following operation daily erythrocyte,
leucocyte and platelet counts were per-
formed. Whenever possible the neoplasms
were biopsied 24 hours after operation and
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(a) upper left; comparison of cutaneous metastases (b) upper right before, and (c lower left

and d lower right) after perfusion reveals striking regression of

at varying intervals thereafter to observe
any changes that might occur.

In the following case reports the technics
of perfusion of the limbs, pelvis and lungs
for malignant neoplasms are described in
detail and some of the problems inherent
in this type of therapy are presented.

Case Reports

Case 1. J. S. P, a 76-year-old white man, was
admitted to the New Orleans Charity Hospital on
April 20, 1956, complaining that a small black
mole on the dorsum of the left foot, which had
been previously asymptomatic, had recently be-
come irritated and bled. One week following ad-
mission the lesion was widely excised and the area
covered with a skin graft. Upon microscopic ex-
amination it proved to be a malignant melanoma.
On June 1, 1956, the patient was re-admitted to
the hospital, and a left groin dissection was per-
formed. There was no evidence of involvement of
the excised lymph nodes, but tumor cells were
noted in a small lymphatic (Fig. 2a).

e lesions.

The patient was asymptomatic until May 1957,
when he noted the appearance of many pigmented
lesions on the medial aspect of the left leg and
thigh (Fig. 3a). On May 16, biopsy of one of these
lesions revealed them to be metastatic melanomas
(Fig. 2b). He was re-admitted to the hospital and
on June 11, perfusion with PAM was performed.
Under spinal anesthesia an oblique incision was
made in the left groin and the common femoral
artery and vein were isolated. The patient was
heparinized with 2 mg./Kg. of heparin and the
common femoral artery and vein were cannulated
with plastic catheters 34¢ inch id. (Fig. 4). The
cannulas were connected to an extracorporeal cir-
cuit consisting of a miniature DeWall-type bubble-
oxygenator with a reservoir capacity of about 500
ml, Oxygenation of venous blood was accomplished
with 100% oxygen at a flow rate of 5 L/minute.
An Esmarch tourniquet previously placed in the
gluteal crease and over the left iliac crest was
tightened to produce venous occlusion and per-
fusion was begun. A maximal flow rate was
achieved within about 2 minutes and at this time
the first of 4 equal doses of PAM was injected into
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the afferent limb of the arterial pump. The dose
of PAM was based on a schedule of 2 mg./Kg.
or a total of 120 mg. divided into 4 doses of 30.0
mg. each administered at 5 minute intervals. When
the last dose of PAM was administered 5 cc. of
Evans Blue Dye was injected into the arterial line;
subsequent samples were withdrawn simultane-
ously from a systemic vein and from the venous
limb of the extracorporeal circuit. The duration of
perfusion was 23 minutes. At the end of this time
the tourniquet was released, the cannulas removed
and the artery and vein repaired.

The patient’s course after operation was un-
eventful (Chart 1). There was no change in the
normal appearance of the extremity and no edema
was evident at any time. Periodic erythrocyte, leu-
cocyte and platelet counts revealed no evidence of
hemotologic damage. Cutaneous metastases were

Fic. 3. Photographs of cutaneous metastases
in Case 1, (a) upper before, and (b) lower after
perfusion.
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Fi1c. 4. Technic of cannulation of femoral ar-
tery and vein and application of an Esmarch tour-
niquet for perfusion of a lower extremity. A Stein-
man pen is inserted through the iliac crest to main-
tain the tourniquet at a proper level.

biopsied on the 2nd, 8th, 30th, 50th and 77th day
respectively after operation. Within 3 weeks it was
apparent grossly that the metastases were under-
going a significant change. Originally there were
about 175 raised, dark red metastatic lesions on
the extremity. After perfusion the lesions became
flattened and black; then a superficial crust formed
over their surface, the pigment began to fade and
finally the crust fell away leaving a light “freckle”
in place of the metastasis.

In order to determine the histologic changes
characterizing these alterations in gross appearance
biopsies were taken of lesions at the stages de-
scribed above. These revealed an initial lympho-
cytic and round cell invasion of the neoplasm fol-
lowed by necrosis of tumor cells and fibrous tissue
replacement and finally complete disappearance of
tumor cells (Fig. 2¢, d).

This patient has been followed for almost a
year since perfusion. During this time the meta-
static lesions have continued to regress and dis-
appear (Fig. 3b). Examination in April 1958 dis-
closed only 8 lesions remaining and these are
flattened and dark. No new lesions have appeared
since perfusion.

Comment: Because of his age and the
extensiveness of the cutaneous metastases,
this patient was not a candidate for hind-
quarter amputation. Therefore, perfusion of
the involved extremity with PAM was un-
dertaken for palliation only.

The blue dye studies demonstrated that
the left lower extremity was completely iso-
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lated from the systemic circulation. Subse-
quent to this case, it was demonstrated that
PAM remains active in blood for about two
hours; therefore the extremity should be
drained of blood contaminated with the
agent prior to release of the tourniquet if
systemic toxic effects are to be avoided.

Case 2. B. P., an 18-year-old girl, was admitted
to Charity Hospital on January 24, 1957, with the
history of a mass on the left forearm of about 2
weeks duration. On February 27, this lesion was
excised and was found to involve the flexor dig-
itorum sublimis muscle to the left index finger.
Pathologic examination revealed rhabdomyosar-
coma; therefore, on April 25, a supracondylar
amputation was performed.

The patient was re-admitted to Charity Hos-
pital on August 19, with a painful amputation
stump and a large mass in the left axilla. Examina-
tion disclosed recurrent tumor in the amputation
stump, this lesion measuring about 10X 8 cm,,
and an axillary metastasis about 10 c¢m. in diameter
(Fig. 5a, b). Forequarter amputation was recom-
mended but the patient refused any additional
ablative procedure. Therefore, on October 4, per-
fusion with HN, was accomplished. With the pa-
tient in the supine position median sternotomy
was performed and through this incision the left
subclavian artery and left inominate vein were
isolated (Fig. 6). Plastic cannulas, 3¢ inch i.d.
were placed into these vessels and directed distally.
The subclavian artery and left inominate vein
were then temporarily occluded proximal to the

d. St.P, WM, Age 76. MALIGNANT MELANOMA
JUNE
oAy [e]7]a[9]wo]ui]i3]]i5]i6]i7[18]0]e0]2 [e2]

15000

Pt-:nruslou\./

LEUCOCYTES
S
o
o
o
e
Py —
e
()
§\
8

5,000
0 120 mg
100°p TEMPERATURE
99°}
9e°} V V¥V C\; K 7
'Y ol - M ,

CHart 1. Following administration of phenyl-
alanine mustard to the %eft lower extremity by per-
fusion there was no significant change in the leuco-
cyte count indicating that action of the agent was
confined to the extremity.
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FIGure 5a

Fic. 5. Recurrence of rhabdomyosarcoma in an
amputation stump and metastases to the axilla in
Case 2 are shown in (a). Roentgenogram revealed
extensive involvement of the lower third of the
arm (b).

sites of cannulation and the cannulas were con-
nected to an extracorporeal circuit consisting of
a bubble oxygenator and Sigmamotor pump. When
a balanced flow through the circuit was achieved
HN. was administered in a dose of 0.4 mg./Kg.
body weight given in 4 equal amounts 5 minutes
apart. The total dose was 30.8 mg. Perfusion lasted
25 minutes and the flow rate was about 400 to
500 ml. per minute. Although a tourniquet had not
been employed because of the large axillary mass,
blue dye was injected into the perfusion circuit
5 minutes before completion of the procedure in
order to determine the degree to which the upper
extremity had been isolated. At completion of per-
fusion the cannulas were removed, the incision in
the subclavian artery and left innominate vein re-
paired and the thoracic wound closed.

Needle biopsies had been taken from the re-
current lesion in the amputation stump and the
metastasis in the left axilla prior to operation and
biopsy was repeated on the 2nd, 5th, and 30th
days after operation. Microscopically, there was
evidence of extensive coagulation necrosis of the
tumor although viable nests of neoplastic cells
were still evident (Fig. 7a, b). Pain in the amputa-
tion stump had been severe enough to require
opiates prior to perfusion but completely disap-
peared after perfusion. In addition there was rapid
and almost complete disappearance ot the axillary
mass and the lesion in the amputation stump. On
November 5, one month after perfusion, only a
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small nodule remained in the left axilla and a
roentgenogram revealed that the recurrence at the
distal end of the arm had completely disappeared
(Fig. 8a, b). At this time forequarter amputa-
tion was again recommended but the patient re-
fused and chose to return home. About 2 months
later she returned complaining of pain in the
sacrum and roentgenograms revealed on osteolytic
lesion of the right lumbosacral area. The lesion
was treated with irradiation and the patient was
also given a course of nitrogen mustard intra-
venously. Subsequently, additional metastatic le-
sions have developed in other parts of the skeleton.
Daily erythrocyte, leucocyte and platelet counts
did not reveal any significant depression of these
cellular elements after operation, although dye
studies indicate that the upper extremity had not
been completely isolated. Skin changes character-
istic of ionizing radiation appeared in the perfused
area by the 10th day after operation (Fig. 8a).

Comment: This lesion was not curable
by any criteria. Perfusion was undertaken

Ficure 5b
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Fic. 6. Technic of cannulation of the left sub-
clavian artery and left innominate vein for perfu-
sion of the arm and axilla in Case 2.

only for the purpose of determining whether
rhabdomyosarcoma, previously believed to
be resistant to the mustard compounds and
to radiation, would respond to this agent
when administered in high concentration.
Although there was remarkable regression
of the lesions following perfusion, it is un-
likely that forequarter amputation would
have altered the subsequent course since
apparently skeletal metastases were already
present. The radio-mimetic effect of the
mustard compounds was demonstrated by
the skin changes appearing about ten days
after perfusion. Although vascular isolation
of the tumor-bearing area was not feasible,
skin changes were confined to the region
in which a maximal concentration of nitro-
gen mustard was desired.

Case 3. A. L., a 61-year-old medical technician,
was admitted to Charity Hospital on January 1,
1958, for perfusion of a pelvic mass. In 1946,
hysterectomy had been performed for carcinoma
of the uterus. The patient had been asymptomatic
until 1955, when a metastatic lesion appeared in
the right side of the pelvis and the right innominate
bone (Fig. 9a). These areas were irradiated in
1955, and again in 1956, but without significant
relief of symptoms or alteration in size of the le-
sions. In 1956, she received a course of thio-TEPA
and in August 1957, because of severe, persistent
pain in the right hip and right side of the pelvis,
thoracic chordotomy was performed. The pelvic
lesions continued to increase in size, however, and
swelling of the right thigh and groin became
severe (Fig. 10a).
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F1c. 7. Photomicrographs of sections removed from recurrent rhabdomyosarcoma in
Case 2, (a) left before, and (b) right after perfusion with nitrogen mustard.

On January 8, 1958, perfusion was performed
utilizing nitrogen mustard. A midline abdominal
incision was made and the lower abdominal aorta
and vena cava isolated (Fig. 11). Both of these
vessels were occluded just below their renal
branches and cannulas 942 inch i.d. were inserted
in a distal direction and connected to a pump-
oxygenator system. Pneumatic tourniquets which
had been previously applied to both thighs were
inflated to 300 mm./Hg and perfusion was begun.
When flow was stabilized at a rate of about 1,000
ml. per minute, the first of four equal doses of
nitrogen mustard was injected into the afferent
line to the arterial pump. Subsequent doses of
HN, were administered every 4 minutes for a total
dose of 20.4 mg. or 0.4 mg./Kg. body weight.

Ficure 8a

Fic. 8. Following perfusion in Case 2 there was
marked regression of the lesions (a and b). Dis-
coloration of the skin of the perfused area is in-
dicative of the radiomemetic effects of HN..

During the last 2 minutes of perfusion, Evans
Blue Dye was injected into the extracorporeal cir-
cuit to determine the completeness of isolation of
the involved vascular bed. Perfusion lasted 22
minutes and at the end of this time the cannulas
were removed, the incisions in the aorta and vena
cava repaired and the abdominal wound closed.

Following operation the pelvic mass decreased
in size. The blue dye studies had failed to demon-
strate mixing of the systemic and perfusion circuits
and there was no alteration in the erythrocyte,
leucocyte or platelet counts.

On January 28, the patient was discharged
from the hospital and was followed in the out-
patient clinic. About 2 months after perfusion, it
was noted that the pelvic mass was extremely
large, tense and cystic; therefore, it was aspirated
and 1,800 ml. of brown fluid mixed with necrotic
tissue and old blood was removed. Immediately,
the patient exhibited signs of acute hemorrhage
and the mass enlarged again and it was evident
that bleeding was occurring into the cystic cavity.
She was re-admitted to the hospital and after sev-
eral days the mass was aspirated again and 4.4
mg. of HN. injected. This was repeated on a sec-
ond occasion. On March 21, the cyst, which was
now presenting beneath the right buttock, was in-
cised and a large amount of old blood mixed with
necrotic tumor removed. The cyst was packed
and left open (Fig. 10b). Biopsy of the cyst wall
failed to reveal evidence of carcinoma (Fig. 9b).

Comment: Perfusion was carried out in
this instance in the hope that palliation
might be obtained and to determine the
effect of HN, on uterine adenocarcinoma.
It was also hoped to determine whether
vascular isolation of the pelvis was possible.
Apparently the negative pressure created in
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the venous system draining the pelvis was
sufficient to prevent spill into the systemic
circulation of blood containing nitrogen
mustard.

The response of the large pelvic metasta-
sis was unanticipated. That extensive tumor
necrosis occurred following perfusion is in-
dicated by liquefaction of the metastasis
and absence of tumor cells in the section
removed from the cyst wall. Additional ob-
servation should determine the extent to
which this tumor has been affected by per-
fusion with nitrogen mustard.

Case 4. D. W., a 54-year-old man, was ad-
mitted to Charity Hospital on January 21, 1958,
with a six weeks history of respiratory infection.
Symptoms had been characterized by fever, a
productive cough and weight loss. Physical ex-
amination revealed obstructive pneumonitis of the
right lung confirmed by roentgenograms of the
chest (Fig. 12a). Bronchoscopy disclosed obstruc-
tion of the right main bronchus by a neoplasm that
extended onto the trachea and biopsy revealed
epidermoid carcinoma (Fig. 13). Excision of a
lymph node in the right supraclavicular fossa was
performed on January 30 but there was no evi-
dence of carcinoma. Thoracentesis yielded a straw-
colored fluid with no evidence of malignant cells.

Because of its extent the lesion was considered
unresectable and perfusion with HN, was per-
formed on February 11. Under endotracheal anes-
thesia, with the patient in a supine position, bi-
lateral thoracotomy was performed utilizing the
4th intercostal spaces and transection of the
sternum (Fig. 14). The epicardium was opened
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Ficure 8b

widely, the venae cavae isolated and tapes passed
about them. After heparinization, plastic cannulas
9%> of an inch id. were passed into the venae
cavae through the right atrial appendage. The
right femoral artery was exposed in the groin and
cannulated with a catheter 34g inch i.d. The caval

Fic. 9. Photomicrographs of sections removed from the pelvic metastasis in Case
3, (a) prior to perfusion, and (b) after perfusion. In the latter there are no demon-
strable neoplastic cells.
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Fic. 10. Roentgenograms in Case 3, (a) (upper) before, and (b) ( lower)
after perfusion with nitrogen mustard.

and arterial cannulas were then connected to a
pump-oxygenator system. Next, a catheter 94 inch
id. and perforated near its tip was placed into the
left atrium through the appendage. This in turn

was passed through a Sigmamotor pump to a bub-
ble oxygenator. The arterial line from the oxy-
genator was connected to a catheter 3{g inch i.d.
placed into the right ventricle outflow tract and
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through the pulmonic valves into the main pul-
monary artery. A tape was passed about the main
pulmonary artery so that it could be tightened
about the catheter. An additional catheter was in-
serted through the wall of the right atrium and
connected, through a separate pump, to the sys-
temic extracorporeal circuit for pick-up of coronary
venous return. The oxygenator of the pulmonary
circuit was elevated 40 cm. above heart level for
gravity flow into the pulmonary artery. The sys-
temic extracorporeal circuit was placed in operation
first. Caval occlusion was accomplished and with
coronary sinus drainage diverted the right heart was
emptied. Pulmonary perfusion was then begun. The
tape about the pulmonary artery was tightend and
flow through the venous pump was increased until
the left ventricle was empty. When both circuits
were stabilized the first of four equal doses of nitro-
gen mustard was administered into the efferent limb
of the pulmonary extracorporeal circuit. Subse-
quently, at 5 minute intervals 3 additional doses of
nitrogen mustard were administered. After 10 min-
utes of perfusion, Evans Blue Dye was injected into
the pulmonary circuit to determine extent of mix-
ing. The duration of perfusion was 30 minutes.

At the completion of perfusion the cannulas
were removed and the cardiac and thoracic wounds
were closed. The patient’s condition after operation
was uneventful except for a cough productive of
large amounts of mucopurulent material. There
was no evidence of hemotologic damage and the
temeprature returned to normal by the 5th day.
About 7 days after operation breath sounds be-
came audible for the first time over the right
lateral chest wall, and there was progressive im-
provement in the chest roentgenograms (Fig.
12b). The patient has remained asymptomatic
since discharge from the hopsital and significant
re-expansion of the right lung has taken place.

Comment: This case is of interest pri-
marily because of the technics of perfusion
employed rather than for any effect the
chemotherapeutic agent may have had
upon the neoplasm. The blue dye studies
disclosed no spill-over from the pulmonic
to the systemic circuit and a gain in volume
in the pulmonary circuit of about 100 ml.
is assumed to represent bronchial artery
flow.

Although it was time-consuming to make
the many cannulations necessary to estab-
lish the extracorporeal circuits these sep-
arate systems appeared to function well
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tourniquet

Fic. 11. Technic of cannulation of abdominal
aorta and inferior vena cava for perfusion of pelvic
structures.

and to have no adverse effect on the pa-
tient. With regard to the therapeutic effec-
tiveness of the procedure the patient was
not an ideal one since there was complete
obstruction of the right main bronchus with
collapse of the right lung distal to the
lesion. Thus it is questionable whether per-
fusion of this lung occurred to the same
degree as that of the opposite lung. Fur-
thermore, it is doubtful whether a chemo-
therapeutic agent administered through the
pulmonary arterial system reaches max-
imum concentration within a bronchogenic
carcinoma.

Results and Conclusions

In undertaking this study it was postu-
lated that the technics of perfusion would
enhance the effectiveness of the alkylating
agents by permitting administration of
larger doses and through the production
of high oxygen tensions within the tumor-
bearing tissues. It would be presumptious
indeed to attempt to evaluate the results
on the basis of length of survival or relief
of symptoms since a majority of patients
were incurable and none have been fol-
lowed for more than a year after treatment.
On the other hand, if the effect of perfusion
on the tumor is used as a criterion, then
treatment was successful in 18 of the 19
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cases followed long enough for changes to
be evident. That is, in 18 patients there was
gross and/or microscopic evidence of sig-
nificant tumor necrosis, occurring, in many
instances, in neoplasms heretofore believed
to be resistant to the mustard compounds.

Phenylalanine mustard was employed in
the treatment of metastatic melanoma in
humans by Hales ® and Stehlin 1 following
the demonstration by Luck!' that this
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Frc. 13. Photonmicrogra‘g}l of section removed
fro:(le the4 right main bronchus prior to perfusion
in Case 4.
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b
Fic. 12. Roentgenograms of the chest in Case 4, (a) before, and (b) after perfusion.

agent produces regression of transplantable
melanomas in rats. Although a decrease in
size of some of the lesions was noted in no
instance was regression sufficient to suggest
that the tumor was controlled. Therefore,
the response to perfusion with PAM ob-
served in case one was unanticipated. There
is little doubt that the lesion has been con-
trolled for about ten months. During the
interval since perfusion progressive regres-
sion and disappearance of metastases have
occurred, no new lesions have formed and
none of the original tumors has increased
in size. Experience with four additional pa-
tients with malignant melanoma has been
encouraging also and suggests that the re-
gressive changes occurring in these mel-
anomas are characteristic and are indica-
tive of the specificity of phenylalanine mus-
tard for this tumor.

The only operative death in the series
occurred after perfusion of a lower extrem-
ity extensively involved with metastatic
melanoma. The patient had a primary le-
sion on the left leg excised and this was
followed by groin dissection. Within a
short time metastases appeared on the en-
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tire limb, in the abdominal wall and in the
iliac nodes. Because of the widespread le-
sions, perfusion was carried out through the
abdomen utilizing the aorta and vena cava.
A dosage schedule of 3 mg./Kg. body
weight was employed rather than the usual
dosage of 2 mg./Kg. Dye studies revealed
that isolation was not complete and al-
though about 1,500 ml. of blood was re-
moved from the vena cava after perfusion,
hematologic changes developed and the pa-
tient died on the fifteenth day of severe
bone marrow depression. This case empha-
sizes the necessity for isolation of a per-
fused vascular bed if toxic effects are to be
avoided. There have been two late deaths
also, occurring in patients whose neoplasms
were hopelessly advanced at the time of
perfusion.

The response of rhabdomyosarcoma to
perfusion with nitrogen mustard is equally
striking. Regressive changes were evident
within 24 hours after perfusion and con-
tinued for about three or four weeks. Micro-
scopically these changes consisted of exten-
sive coagulation necrosis of tumor cells
with round cell infiltration and fibrous con-
nective tissue replacement. The bulk of
these tumors alone probably eliminated the
possibility of a cure but the remarkable
response to perfusion suggests that this
modality may be extremely useful as ad-
junctive therapy. In one of the patients
with osteogenic sarcoma there was ques-
tionable evidence that the tumor was ac-
tually disseminated within the extremity
by perfusion. This was an extensive, rap-
idly growing lesion and perhaps treatment
should not have been undertaken. In one
other patient with osteogenic sarcoma per-
fusion with nitrogen mustard produced sig-
nificant reduction in the size of the lesion
which involved the shoulder and micro-
scopic examination revealed tumor necro-
sis. Forequarter amputation subsequently
was performed. There was one case of
chondrosarcoma treated by perfusion with
PAM. Biopsy of the lesion after operation
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F1c. 14. Technics of cannulation for perfusion
of the lungs. Two extracorporeal circuits are re-
quired in order to completely isolate the lungs.

revealed extensive destruction of the tumor
and its size was reduced by about one-
third. Amputation of the involved extrem-
ity (upper) was advised but refused. In
four patients with localized sarcomas of the
lower extremity perfusion was carried out
prior to excision. Each of these lesions
showed histologic evidence of cell necrosis
but insufficient time has elapsed to deter-
mine whether perfusion with the mustard
compounds will alter the usually poor
prognosis for these tumors.

Among the cases of carcinoma only two
were primarily resectable and chemother-
apy was considered to be adjunctive. In
one of these a carcinoma of the transverse
colon was isolated and perfused with Chlor-
pactin XCB® just prior to removal. In the
other, an epidermoid carcinoma of the
thumb was perfused with nitrogen mustard
and the involved digit removed two weeks
later. At the time of excision the lesion had
decreased in size by about one-half and
biopsy disclosed necrosis of neoplastic cells.

A patient with carcinoma of the breast
received treatment for a lesion that was
considered to be inoperable because of its
large size, local extension and extensive
axillary metastases. Following perfusion
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CHArT 2 (Upper). The difference in leuco-
cyte response to PAM administered by perfusion
and systemically is demonstrated in this case. The
patient had extensive cutaneous metastases and a
solitary pulmonary metastasis arising in a malig-
nant melanoma of the left leg. The extremity was
perfused without sifniﬁcant change in the leuco-
cyte count but following oral administration of
PAM the leucocyte count was severely decreased.

CHART 3 (Lower). Following perfusion of the
left upper extremity with PAM in a patient with
chondosarcoma, the tourniquet was released with-
out first draining the extremity. About the sixth
day after perfusion the leucocyte count began to
fall, reaching a low of 500 cells per cu. mm. on
the seventeenth day.

with nitrogen mustard there was sufficient
regression both in the primary tumor and
in its metastases to permit radical mastec-
tomy.

Perfusion of carcinoma of the lung with
nitrogen mustard was undertaken primarily
to determine whether isolated perfusion of
the lungs was possible. The technic em-
ployed appeared satisfactory although there
was only moderate change in the neoplasm.
The remaining cases of carcinoma consisted
of lesions that involved pelvic structures
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and in each instance therapy was palliative
only. In only one case, described above, has
sufficient time elapsed for evaluation of
therapy and in this instance necrosis of a
large pelvic metastasis demonstrates the
cancerocidal effects of nitrogen mustard
when administered in high concentrations.
In all of the cases of pelvic carcinoma, iso-
lation was possible and no significant sys-
temic toxicity was noted.

The increased cytotoxic effects of the
mustard compounds observed in this study
are primarily a result of the high concen-
trations achieved by perfusion and confirm
the observations of Klopp ° regarding in-
tra-arterial administration. Perhaps much
larger total doses could have been em-
ployed since it was demonstrated in animal
experiments that as much as 0.8 mg./Kg.
of nitrogen mustard can be administered
by perfusion without injury to normal tis-
sues. It is not certain whether maintenance
of a high oxygen tension actually increases
the effectiveness of nitrogen and phenylal-
anine mustard. As indicated earlier, the ef-
fect of ionizing radiation is enhanced by
high oxygen tensions and since the alkylat-
ing agents act upon the cell in a manner
similar to radiation, it may be assumed that
this state, if maintained during perfusion,
will potentiate the action of these com-
pounds.

Biochemical determinations performed
on blood from the perfused and systemic
circuits in one case failed to demonstrate
any significant alteration. These studies are
being continued.

Perhaps the most significant feature of
this study is the demonstration that certain
anatomic areas can be isolated from the
systemic circulation with relative ease and
perfused for periods up to 30 minutes with-
out mixing between the systemic and per-
fused circuits (Chart 2). Certain precau-
tions must be taken, however, when PAM
is employed, to be certain that isolation is
complete and that the area is drained of
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contaminated blood upon completion of
perfusion. Failure to do so may result in
severe systemic toxic effects due to the long
duration of activity of PAM (Chart 3).
These technics of isolation open the way
to the use not only of agents with greater
cancericidal, albeit greater hematologic,
effect than the mustards, but to the use of
agents for the treatment of infection as
well. For instance, antibiotic agents that
are highly bacteriocidal but exert a toxic
effect on certain viscera, might be adminis-
tered by perfusion for the treatment of re-
fractomy osteomyetitis in the limbs, or per-
sistent chronic pulmonary infections might
be treated with specific agents administered
solely to the lungs by perfusion.

Although there are many things pertain-
ing to the methods described above which
require further investigation, it appears
that the technics of perfusion are valuable
in the chemotherapy of cancer. By the use
of these technics a high concentration of
the agent can be maintained within the
tumor-bearing area without risk of produc-
ing systemic toxic effects. Thus, there is no
interference with hemopoiesis and the host
antibody response to the neoplasm is pre-
served. The ability to remove contaminated
blood from the part after perfusion further
protects against toxic effects when long act-
ing agents are employed.

On the basis of preliminary clinical ex-
perience it is concluded that the adminis-
tration of chemotherapeutic agents by per-
fusion is useful as adjunctive therapy for
control of localized malignant tumors and
for palliation of certain far-advanced le-
sions.

Summary

1. Chemotherapy of cancer has not been
entirely satisfactory because the adminis-
tration of doses large enough to signif-
icantly affect a tumor produce serious toxic
effects on the bone marrow and gastro-
intestinal tract.
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2. Technics have been developed for
isolating and perfusing a tumor-bearing
area with chemotherapeutic agents, utiliz-
ing a heart-lung apparatus.

3. Experimental studies demonstrated
that by these technics the limbs, intestine,
liver, pelvis, and lungs can be isolated from
the systemic circulation and perfused for
periods up to 30 minutes.

4. Employing these technics 24 patients
with malignant neoplasms have been
treated. The results suggest that these
methods are valuable as adjunctive therapy
for localized tumors and for palliation of
far-advanced lesions.
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Discussion

Dr. WARREN H. CovrEg: I think this is a very
clever idea, and 1 want to congratulate the au-
thors. This modification of the use of alkylating
agents represents a definite improvement over the
conventional method of administration because
the toxicity of most of these agents is so high.

It’'s been a bit discouraging during the past
10 or 12 years to realize that perhaps as many as
50,000 chemicals have been screened for effect
against cancer, yet none of them seems to be any
more effective than the original one, nitrogen mus-
tard. We were hoping that as these numerous
agents were tried we would find one acting like
the antibiotic penicillin, namely, that you could
give it in huge doses without toxicity. However,
we have not found such an agent. All of the alky-
lating agents are quite toxic. Accordingly, I be-
lieve we must give serious thought to methods of
this sort, hoping to utilize them as the primary
agent in destroying local tumors until we get
better drugs.

There is one disadvantage, of course, which
the authors admitted; namely, they are treating
the tumor locally. Treatment of metastases by this
method is not practical.

However, I hope these authors will continue
with this work (and I know they will) because as
long as the tumor remains local, even though it’s
very massive, we may be able to control it.

Dr. JouN ScHiLLiNg: I rise to congratulate
Dr. Creech on some unusual observations. This
work indicates the productivity of poverty, from
which we should all, perhaps, draw an analogy.

Did you evaluate microscopically the effects of
the regional perfusion on normal structures?

And, secondly, have you perfused the liver,
with observations of normal structure and dam-
age, as well as effect on metastases?

Dr. DEnTON A. CooLEY: We have also been
conducting some experiments using temporary
extracorporeal circulation for reasons other than
cardiac surgery. Our idea was that the extracorpo-
real circuit containing the stream of blood could
be exposed to strong irradiation without exposing

the patient’s body. This work was done in col-
laboration with Drs. Vincent Collins and George
Morris.

A simple circuit was devised to remove blood
from a femoral artery and pump it into a plastic
bottle from which the blood was returned to a
femoral vein. The bottle was placed inside of the
tube of a 2 million volt Van de Graaff electro-
static generator. During the irradiation of blood
the animals were shielded from the irradiation.

Dogs were used for the experimental animals
and periods of extracorporeal irradiation up to 65
minutes were tried. Total irradiation was between
21,000 and 9,600 roentgens.

After many experiments we were somewhat
surprised to discover that red blood cell counts
increased after the perfusion, the maximum re-
sponse being 2 to 3 months later. We had actually
expected to find a decrease in blood count if
anything.

Our original hope was that this method would
have some usefulness in treatment of blood dys-
crasias or leukemias. Irradiation of the blood
alone would avoid exposure of the blood forming
organs of the body. Destruction of a large number
of leukemia cells might have some favorable effect
on this disease in stimulating defense mechanisms
in the body. In one terminal patient with chronic
myelogenic leukemia this method was tried, but
this 72-year-old patient expired 3 days later with
coronary occlusion before studies would be com-
pleted. Further work on the problem of extra-
corporeal irradiation should be done in order to
determine whether any benefit could be obtained
in cancer patients.

Dr. Oscar Creech, Jr. (closing): I wish to
thank Drs. Cole, Schilling and Cooley for their
remarks.

In reply to Dr. Schilling’s question, we have
noted no ill effects on normal tissue after perfu-
sion. In some instances, normal muscle becomes
edematous but there is no apparent cellular dam-
age and edema subsides rapidly.

We have not had a patient whom we consider
suitable for perfusion of the liver, although tech-
nics have been developed for perfusing this
organ.



